A Self-Limiting Switch Based on Translational Control Regulates the Transition from Proliferation to Differentiation in an Adult Stem Cell Lineage  by Insco, Megan L. et al.
Cell Stem Cell
ArticleA Self-Limiting Switch Based on Translational
Control Regulates the Transition from Proliferation
to Differentiation in an Adult Stem Cell Lineage
Megan L. Insco,1,2 Alexis S. Bailey,1,2 Jongmin Kim,1 Gonzalo H. Olivares,1 Orly L. Wapinski,1 Cheuk Ho Tam,1
and Margaret T. Fuller1,*
1Department of Developmental Biology, Stanford University School of Medicine, Stanford, CA 94305-5329, USA
2These authors contributed equally to this work
*Correspondence: mtfuller@stanford.edu
http://dx.doi.org/10.1016/j.stem.2012.08.012SUMMARY
In adult stem cell lineages, progenitor cells com-
monly undergo mitotic transit amplifying (TA) divi-
sions before terminal differentiation, allowing
production of many differentiated progeny per stem
cell division. Mechanisms that limit TA divisions
and trigger the switch to differentiation may protect
against cancer by preventing accumulation of onco-
genic mutations in the proliferating population. Here
we show that the switch from TA proliferation to
differentiation in the Drosophila male germline stem
cell lineage is mediated by translational control.
The TRIM-NHL tumor suppressor homolog Mei-P26
facilitates accumulation of the differentiation regu-
lator Bam in TA cells. In turn, Bam and its partner
Bgcn bind the mei-P26 30 untranslated region and
repress translation of mei-P26 in late TA cells.
Thus, germ cells progress through distinct, sequen-
tial regulatory states, from Mei-P26 on/Bam off to
Bam on/Mei-P26 off. TRIM-NHL homologs across
species facilitate the switch from proliferation to
differentiation, suggesting a conserved developmen-
tally programmed tumor suppressor mechanism.
INTRODUCTION
Adult stem cells act throughout life to replenish differentiated
cells lost to turnover or injury. In many adult stem cell lineages,
stem cell daughters destined for differentiation first undergo
a limited number of mitotic divisions to amplify cell number prior
to terminal differentiation. This transit amplifying (TA) division
strategy may protect large long-lived animals from tumorigen-
esis by minimizing the number of stem cell divisions required
for tissue homeostasis and preventing accumulation of onco-
genic mutations in progenitor cells due to programmed differen-
tiation. The mechanisms that limit the number of TA divisions
and initiate terminal differentiation thus may provide tumor sup-
pressor function, and defects may contribute to progression
toward cancer in adult stem cell lineages (Clarke and Fuller,
2006; Jamieson et al., 2004; Krivtsov et al., 2006).CellHerewe investigate themechanisms that force TA cells to stop
proliferating and initiate terminal differentiation in the Drosophila
male germline adult stem cell lineage. Drosophila male germline
stem cells (GSCs) reside in a niche at the tip of the testis,
attached to somatic hub cells and flanked by somatic cyst
stem cells (CySCs) (Figure 1A) (Fuller and Spradling, 2007).
When a GSC divides, one daughter remains in the niche and
self-renews, while the other is displaced away and initiates
differentiation. The resulting gonialblast, which is enveloped by
a pair of CySCs, proceeds through four synchronous TA divi-
sions with incomplete cytokinesis, producing a clone of 16 inter-
connected germ cells. These 16 mitotic sisters normally stop
proliferating, undergo premeiotic DNA synthesis in synchrony,
and switch to the spermatocyte program of cell growth, meiosis,
and terminal differentiation (Figure 1A) (Fuller, 1993). Because TA
sister cells are contained within a common somatic cell enve-
lope, are joined by cytoplasmic bridges, and divide in synchrony,
mutations that cause overproliferation of TA cells can be easily
identified.
The bag of marbles (bam) gene is required cell autonomously
for TA spermatogonia to stop proliferating and enter the sper-
matocyte differentiation program. Male germ cells mutant for
bam undergo several extra rounds of mitotic TA division, fail to
differentiate, and eventually die (Go¨nczy et al., 1997; McKearin
and Spradling, 1990). The number of TA divisions appears to
be set by the time required for Bam protein to accumulate to
a critical threshold. Bam protein is normally first detected in 4-
cell cysts, increases to a peak in 8-cell cysts, and is degraded
in early 16-cell cysts immediately after premeiotic DNA replica-
tion. Lowering the bam dosage slowed Bam protein accumula-
tion and delayed the transition to differentiation, whereas early
accumulation of Bam protein caused a premature switch to
differentiation (Insco et al., 2009).
Bam, a protein with no recognizable domains, acts with
a partner, benign gonial cell neoplasm (Bgcn), discovered in
a genetic screen for Drosophila tumor suppressors (Gateff,
1994). bam and bgcn have similar mutant phenotypes (Go¨nczy
et al., 1997), and Bam protein directly interacts with Bgcn in
Drosophila ovaries or when coexpressed in cultured cells or
yeast (Li et al., 2009; Shen et al., 2009). Bgcn is related to the
DExH-box family of RNA-dependent helicases, indicating that
Bgcn, and with it Bam, may regulate RNA.
Consistent with a role in translational repression, Bam protein
binds the translation initiation factor eIF4A. Furthermore,Stem Cell 11, 689–700, November 2, 2012 ª2012 Elsevier Inc. 689
Figure 1. mei-P26Regulates TACell Proliferation inMale GermCells
(A) Diagram of Drosophila spermatogenesis. Bam protein (blue), somatic cyst
cells (red), CySCs, GSCs, gonialblast (GB), and hub (H). M, mitosis.
(B and C) Phase-contrast images of the apical tips of squashed (B) wild-type
(arrows indicate spermatocytes) and (C) mei-P26mfs1 mutant testes (arrow-
heads indicate refractile dying cysts).
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sulted in a 4-fold reduction in expression of a luciferase reporter
coupled to the 30 untranslated region (UTR) of e-cadherin
messenger RNA (mRNA), and tethering Bam to the 30 UTR
induced translational repression of the attached reporter (Shen
et al., 2009). In female germ cells, Bam and Bgcn allow the onset
of differentiation through translational repression of nanos (nos)
via the nos 30 UTR (Li et al., 2009). However, direct interaction
of Bam or Bgcn protein with e-cadherin or nos mRNAs has not
been demonstrated.
Here we identify the microRNA (miRNA) regulator and TRIM-
NHL (tripartite motif and Ncl-1, HT2a, and Lin-41 domain) family
member Mei-P26 (Neumu¨ller et al., 2008; Page et al., 2000) both
as a regulator of Bam protein accumulation and, subsequently,
as a direct target of translational repression by Bam and Bgcn
in male germ cells. Mei-P26 function facilitates both the switch
from mitosis to meiosis and spermatocyte differentiation. In
mei-P26 mutant males, Bam protein failed to accumulate to its
normal peak levels. The overproliferation of TA cells in mei-P26
mutant testes was suppressed by expression of additional
Bam, suggesting that the continued TA cell proliferation in mei-
P26 mutant males is due to the failure of Bam protein to reach
the threshold required for the switch to the spermatocyte state.
In turn, Bam specifically binds the mei-P26 30 UTR, and Bam
and Bgcn function are required for translational repression of
mei-P26 via its 30 UTR in vivo. Mutating two potential let-7 target
sites within themei-P26 30 UTR derepressed reporter expression
in vivo and disrupted Bam binding in vitro. Our data suggest that
a stepwise progression in regulatory states from [Mei-P26 on/
Bam off] to [Mei-P26 on/Bam on] to [Bam on/Mei-P26 off], chor-
eographed by translational regulation, accompanies the switch
from TA cell proliferation to terminal differentiation in the
Drosophila male GSC lineage.
RESULTS
Mei-P26 Stops TA Cell Proliferation and Promotes
Differentiation in Male Germ Cells
Loss of mei-P26 function in males led to overproliferation of
spermatogonial TA cysts. Whereas the apical third of wild-type
testes contains many large spermatocytes easily visible by
phase-contrast microscopy (Figure 1B, arrows), testes from flies
hemizygous for the null allele mei-P26mfs1 (Page et al., 2000)
showed cysts full of many small cells (Figure 1C), resembling
testes from bam mutant males (Go¨nczy et al., 1997; McKearin
and Spradling, 1990). The clusters of small cells were Vasa
positive, indicating germ cell identity, and had small nuclei (Fig-
ure 1E), similar to early germ cells at the apical tip of wild-type
testes (Figure 1D). A short pulse of the nucleotide analog(D–I) Immunofluorescence images of the apical tips of testes.Wild-type (D) and
mei-P26mfs1mutant (E) testes stainedwith DAPI (red) and a-Vasa (green).Wild-
type (F) (arrow indicates an eight-cell cyst) andmei-P26 mfs1 mutant (G) testes
(arrow indicates a >16-cell cyst) stained with DAPI (red), and EdU (green) to
mark cysts in S phase. Wild-type (H) andmei-P26mfs1mutant (I) testes stained
with a-Vasa (red) and a-Fibrillarin (green).
(J) Quantification of nucleolar size marked by Fibrillarin in wild-type (black line)
and mei-P26mfs1 mutant (dotted line) cysts at the indicated stages.
Error bars represent SEM. Scale bars represent 50 mm. See also Figure S1.
c.
Figure 2. mei-P26 Promotes Spermatocyte Differentiation in the
Testis
(A and B) Wild-type (A) and mei-P26mfs1 mutant (B) testes stained with
a-Sa (red above, white below) and a-Fibrillarin (green) (arrow indicates a
Sa-positive cyst).
(C) Within the spermatocyte region, the percentage of cysts that fall into the
indicated categories in wild-type (black) andmei-P26mfs1mutant (gray) testes.
dif, differentiation.
(D–F) Phase-contrast images of (D) wild-type spermatocyte cyst with 16
spermatocytes, (E)mei-P26mfs1mutant overproliferating undifferentiated cyst,
and (F) mei-P26mfs1 mutant spermatid cyst with elongating tails (arrow) and
16 large nuclei (arrowhead), indicating the failure of meiosis before terminal
differentiation.
Scale bars represent 50 mm.
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mei-P26mutant testes underwent several extra rounds ofmitotic
division and behaved as TA cells rather than as stem cells, with
all cells within a cyst going through S phase synchronously (Fig-
ure 1G, arrow). Whereas wild-type testes briefly pulsed with EdUCellshowed cysts in S phase with 2, 4, 8, or 16 cells, but none with
>16 cells (Figure 1F, arrow) (n = 7 testes: 14 S phase cysts
with 8 or 16 cells, and zero with >16 cells),mei-P26mutant testes
hadmany cysts withmore than 16 cells undergoing S phase (Fig-
ure 1G, arrow) (n = 9 testes: 21 S phase cysts with 8 or 16 cells,
and 52 with >16 cells). Overproliferating spermatogonial cysts in
mei-P26 mutants eventually died, as indicated by the refractile
appearance in phase-contrast images (Figure 1C, arrowheads)
and by TUNEL staining (Figure S1B available online), similar to
the eventual death of overproliferating germ cell cysts in bam
mutant testes (Insco et al., 2009; McKearin and Spradling, 1990).
Early germ cells in mei-P26 mutant testes had enlarged
nucleoli compared to their wild-type counterparts (Figures
1H–1J). Similar increases in nucleolar size were observed in
mei-P26 mutant female germ cells (Neumu¨ller et al., 2008) and
in C. elegans cells mutant for the worm mei-P26 homolog ncl-1
(Hedgecock and Herman, 1995). The enlarged nucleoli observed
inmei-P26mutant male germ cells (Figures 1I and 1J) may corre-
late with accumulation of abnormally high levels of dMyc (Grewal
et al., 2005). In wild-type testes, dMyc levels were relatively low
in GSCs and early TA cells and then increased in 8- and early
16-cell cysts (Figures S1C and S1E). However, dMyc protein
levels were uniformly high in GSCs and early TA cells in mei-
P26 mutant testes (Figures S1D and S1E).
Mei-P26 function was not absolutely required for male germ
cells to become spermatocytes, but rather appeared to make
the switch to differentiation accurate and timely. Some germ
cell cysts in mei-P26 mutant testes did switch to the spermato-
cyte state, exhibiting the characteristic growth in cell size and
expression of the spermatocyte marker Sa (Figure 2B versus
2A). In wild-type testes, 95% of spermatocyte cysts located in
the apical third of the testis contained 16 spermatocytes per
cyst (Figure 2C, black bars, and 2D). However, in a comparable
region of mei-P26 mutant testes, 68% of cysts had many small
germ cells, consistent with overproliferating TA cells (20% >64
small cells [Figure 2E]; 48% refractile dying cysts), and 32% of
cysts progressed to the spermatocyte state (Figure 2C, gray
bars). Of the 32% of cysts that did progress to the spermatocyte
state, only a third (10% of total cysts) had the correct 16 sper-
matocytes per cyst. Another third (9% of total cysts) had >16
spermatocytes per cyst, indicating that too many TA divisions
occurred prior to the switch. Mei-P26 function was also required
for proper differentiation of spermatocytes. Many cysts (13% of
total cysts) had differentiating cells with grossly abnormal mor-
phology, including elongating spermatids with 16 large nuclei
instead of 64 small nuclei, consistent with progression to sper-
matid differentiation without meiotic division (Figure 2F). The
mei-P26 mutant overproliferation and differentiation defects
were rescued by a chromosomal duplication or a genomic trans-
gene containing mei-P26 (Experimental Procedures).
Mei-P26 Facilitates the Accumulation of Bam Protein
The inability of manymei-P26mutant germ cell cysts to properly
exit the TA divisions appears to be due to the failure to accumu-
late Bam protein to levels required for triggering the switch from
proliferation to differentiation. The level of Bam protein detected
by immunofluorescence staining was lower in 4-, 8-, and 16-cell
TA cysts from mei-P26 mutant testes compared to wild-type
testes stained on the same slides (Figures 3A–3C). In addition,Stem Cell 11, 689–700, November 2, 2012 ª2012 Elsevier Inc. 691
Figure 3. mei-P26 Facilitates Timely Accu-
mulation of Bam Protein
(A and B) Wild-type (A) andmei-P26mfs1mutant (B)
testes stained for EdU (green) after a short
pulse for labeling cells in S phase and Bam
(red above, white below) (arrow indicates an
overproliferating cyst with low levels of Bam
expression).
(C) Quantification of average a-Bam fluorescence
per unit of cytoplasm from the indicated cyst
stages in wild-type (dotted line) and mei-P26mfs1
mutant (solid line) testes. wt, wild-type; mut,
mutant; bf, before; af, after; S, S phase EdU-
positive. Error bars represent SEM.
(D–F) Phase-contrast images of apical tips of
squashed testes.
(D) mei-P26mfs1 mutant (the white bracket repre-
sents a region with overproliferating cysts of small
cells; the arrowhead indicates differentiated
spermatocytes).
(E) mei-P26mfs1;alpha-Bam/+ (the white bracket
represents spermatocyte cysts, indicating rescue
of the mei-P26mfs1 overproliferation phenotype).
(F) mei-P26mfs1;BamDPEST/+ (the white bracket
represents spermatocyte cysts; the arrowheads
with ‘‘8’’ indicate eight-cell spermatocyte cysts).
(G) Percentage of cysts from the normal sper-
matocyte region that fall into the indicated stages
and phenotypic classes: mei-P26mfs1 (light gray
bars), mei-P26mfs1;alpha-Bam (dark gray bars),
mei-P26mfs1;BamDPEST (black bars). dif, differ-
entiation.
(H and I) Elongating spermatid cysts from (H) wild-
type (the arrowhead indicates the red dash under
the small nucleus) and (I) mei-P26mfs1 mutant (the
arrowhead indicates the red dash under the large
nucleus).
Scale bars represent 50 mm. See also Figure S2.
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erating cysts in the mei-P26 mutant (Figures 3B and 3C).
Strikingly, increasing the gene dosage of Bam by introducing
a genomic transgene rescued the TA cell overproliferation
defects observed inmei-P26mutant testes, indicating that over-
proliferation of TA cells in mei-P26 mutant males is due to the
failure to accumulate normal levels of Bam protein. Whereas
testes from mei-P26mfs1 sibling controls showed overprolifera-
tion of early germ cell cysts (Figures 3D and 3G, light gray
bars), introducing a single copy of a genomic transgene express-
ing either wild-type Bam (alpha-Bam, Figures 3E and 3G, dark
gray bars) or Bam protein lacking the C-terminal PEST degrada-
tion sequence (Figures 3F and 3G, black bars) into the mei-P26
mutant background eliminated TA cell overproliferation. Testes
from mei-P26mfs1;alpha-Bam/+ males had no cysts full of small
cells or refractile cysts in the corresponding region (Figure 3E).
Rather, 72%of the cysts in the spermatocyte region had 16 sper-
matocytes per cyst, and <1%had 8 spermatocytes per cyst (Fig-
ure 3G, dark gray bars). Likewise, in mei-P26mfs1;BamDPEST/+
testes, none of the cysts in the spermatocyte region had over-
proliferating small cells (Figure 3F), 43% had 16 spermatocytes
per cyst, and 37% had 8 spermatocytes per cyst (Figure 3G,
black bars), similar to BamDPEST alone (Insco et al., 2009).
Similar suppression of the mei-P26 mutant overproliferation692 Cell Stem Cell 11, 689–700, November 2, 2012 ª2012 Elsevier Inphenotype was observed after forced expression of Bam under
the control of the heat shock promoter (Figure S2A). In addition
to rescuing TA cell overproliferation, introducing an extra
copy of bam also normalized the enlarged nucleoli observed
in mei-P26 mutant testes. Whereas mei-P26 mutant germ cells
in 16-cell cysts had enlarged nucleoli, both mei-P26mfs1;
alpha-Bam/+ and mei-P26mfs1;BamDPEST/+ germ cells had
smaller nucleoli that were similar in size to wild-type nucleoli
(Figure S2B).
Introducing an extra copy of bam did not, however, rescue the
meiotic and spermatid differentiation defects characteristic of
mei-P26 mutant males. In mei-P26mfs1;BamDPEST/+ testes,
30% of cysts from the spermatocyte region had differentiation
defects, including abnormal mitochondrial derivatives and cysts
of elongating spermatids with 16 large nuclei, indicating sper-
matid differentiation without meiosis (Figure 3I). Likewise, 27%
of cysts from mei-P26mfs1;alpha-Bam/+ males showed sper-
matocyte or spermatid differentiation defects (Figure 3G, dark
gray bars), indicating a late requirement for Mei-P26 function
independent of Bam. Taken together, the results suggest that
Mei-P26 first functions in early TA germ cells to facilitate timely
accumulation of Bam protein. Mei-P26 also acts later, after the
switch to spermatocyte state, facilitating the normal progression
of meiotic divisions and spermatid differentiation.c.
Figure 4. Reciprocal Expression of Mei-P26 and
Bam in TA Cells
(A–B00) Apical tip of wild-type whole-mount testis (A–A00)
and wild-type flattened testis (B–B00) stained for Mei-P26
(red), Bam (green in the cytoplasm), and the S phase
marker EdU (green in the nucleus in B00) (the white arrow
indicates an eight-cell cyst positive for Mei-P26, the red
arrow indicates an eight-cell cyst with a lower level of
Mei-P26, and the dotted outline indicates a 16-cell cyst in
S phase positive for EdU and negative for Mei-P26).
(C) Quantification of average a-Mei-P26 (red) and a-Bam
(green) fluorescence per unit cytoplasm at the indicated
cyst stages in wild-type testes. 16e, early 16-cell cyst; 16l,
late 16-cell cyst. Error bars represent SEM.
(D) High-magnification view of A0 showing punctate
distribution of Mei-P26 protein in early TA cells (arrows).
(E–G) High-magnification view of a testis apical tip
showing one- and two-cell cysts stained for (E) GW182
and (F) Mei-P26. These views are merged in (G).
(H–J) Apical tips of testes stained for Mei-P26 (red above,
white below) and the S phase marker EdU (green).
(H) Wild-type showing gap in Mei-P26 staining (arrow)
(dotted outlines indicate two eight-cell S phase cysts).
(I) bamD86/bam1 mutant (dotted outlines indicate 8-cell
[upper] and 16-cell [lower] S phase cysts).
(J) bgcnz2-0702/bgcn1 mutant (dotted outlines indicate 8-
cell [left] and 16-cell [right] S phase cysts).
Scale bars in (A) and (B) represent 50 mm; (D), 25 mm; (E)–
(G), 10 mm; and (H)–(J), 50 mm. See also Figures S3 and S4.
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Mei-P26 protein levels detected by immunofluorescence
changed dynamically in TA cells, starting high in early TA cells,Cell Stem Cell 11, 689consistent with a role in Bam accumulation,
and dropping to background levels as Bam
protein expression peaked (Figures 4A–4A00
and 4C). Mei-P26 protein levels rose again in
spermatocytes, consistent with the later
requirement of Mei-P26 for meiosis and differ-
entiation. Analysis of Mei-P26 and Bam protein
in testes pulsed briefly with EdU revealed that
Mei-P26 expression was at high levels in GSCs
and early TA cells, gradually decreased in level
in 4- through 8-cell cysts, and was below the
level of detection by our immunofluorescence
methods in 16-cell cysts in S phase. Mei-P26 re-
appeared in early spermatocytes after Bam dis-
appeared (Figures 4B–4C).
Mei-P26 protein appeared to concentrate in
puncta in the cytoplasm, especially in early
germ cells (Figure 4D, arrows). Many of the
Mei-P26 puncta in early germ cells colocalized
with the miRNA-induced silencing complex
(RISC) component GW182 (Figures 4E–4G).
Drosophila GW182 interacts with argonaute-1
(Ago-1) (Behm-Ansmant et al., 2006), and both
GW182 and Ago-1 have recently been shown
to coimmunoprecipitate with Mei-P26 in the
Drosophila ovary (Li et al., 2012).
The drop in Mei-P26 protein expression in late
TA cells was dependent on the function of Bamand Bgcn. In wild-type testes, Mei-P26 protein levels decreased
in 8-cell cysts (Figure 4H, white outlines), and Mei-P26 was not
detected in later 8-cell (Figure 4H0, arrow) or early 16-cell cysts–700, November 2, 2012 ª2012 Elsevier Inc. 693
Figure 5. Mei-P26 Is under Translational Control via Its 30 UTR in TA Cells
(A–B00) Immunoflorescence images of apical tips of whole-mount wild-type testes expressing (A–A00) control eYFP reporter or (B–B00) reporter with themei-P26 30
UTR, stained for (A and B) Bam and (A0 and B0) GFP. These images are merged in (A00) and (B00) (the dotted outline indicates the region of Bam expression).
(C) 30 UTR reporters showing repression (red) or not showing repression (white) (asterisks represent mutations).
(D) Percentage of Bam-positive cysts with eYFP expression (numbers in parentheses represent the total number of Bam-positive cysts scored per construct;
n = number of insertion lines scored per construct).
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Translational Control of Switch to Differentiation(Figure 4B0, white outline). However, in bam or bgcn mutant
testes, Mei-P26 protein levels remained high throughout the
region of overproliferating early germ cells, including in 8-cell
(Figures 4I, upper outline, and 4J, left outline) and 16-cell cysts
in S phase (Figures 4I, lower outline, and 4J, right outline).
Downregulation of Mei-P26 expression in late TA and early
16-cell cysts may be important for correct timing of the switch
from spermatogonial proliferation to differentiation in the male
germline. Early forced re-expression of Mei-P26 protein in late
TA cells using the bamGal4 driver and a UAS-mei-P26 construct
with a SV40 termination signal in place of the mei-P26 30 UTR
was sufficient for driving 23% of spermatocyte cysts to differen-
tiate early, with fewer than 16 cells (Figure S3C). In contrast, <1%
of spermatocyte cysts in wild-type testes had fewer than 16 cells
per cyst.
Mei-P26 Is Translationally Repressed in TA Cells via
its 30 UTR
The decrease in Mei-P26 protein expression in late TA cells
and early 16-cell cysts raised the possibility that mei-P26
might be translationally repressed. Although Mei-P26 protein
levels dropped, in situ hybridization showed no break in
mei-P26 mRNA expression in late TA or early 16-cell cysts
(Figure S4A).
Consistent with translational control, the 30 UTR of mei-P26
was sufficient to reduce expression of an enhanced yellow
fluorescent protein (eYFP) reporter in TA cells until Bam was
downregulated in vivo (Figures 5B–5B00, white outline). Reporters
were transcribed specifically in TA cells with the use of bamGal4
for driving upstream activating sequence (UAS) constructs. A
control reporter expressing eYFP with the SV40 termination
sequence revealed eYFP expression in 79% of Bam-positive
cysts (Figures 5A–5A00, 5C, and 5D, reporter 1). The control
reporter was routinely first detected in cysts after Bam expres-
sion was initiated, presumably due to the time delay caused
by the bipartite Gal4/UAS system. Consistent with this, the
20% of Bam-positive cysts that lacked eYFP with the control
reporter were commonly the most apical (youngest) cysts
(Figures 5A–5A00).
To generate a reporter containing mei-P26 sequences, the
mei-P26 30 UTR expressed in wild-type testes was determined
by 30 rapid amplification of complementary DNA ends and then
inserted between eYFP and the SV40 termination sequence.
The mei-P26 30 UTR expressed in the testes was shorter than
the form expressed in embryos (549 versus 640 nt), terminating
before the site bound and regulated by Vasa in female germ
cells (Liu et al., 2009) (Figure S5A). When transcription of the
eYFP reporter containing the full-length mei-P26 30 UTR was
driven by bamGal4, the reporter was expressed in only 28% of
Bam-positive cysts (Figures 5B–5D, reporter 2), in contrast to
the 79% observed with the control reporter (Figures 5A–5A00,
5C, and 5D, reporter 1). Analysis of smaller regions of the(E) RNAhybrid binding prediction for let-7miRNA (green) andmei-P26 30 UTR (red
UTR in reporter constructs).
(F–G0) Immunofluorescence images of apical tips of squashed testes stained on
let-7-CGK1/let-7CK01;let-7-CDlet-7-C mutant testes.
(H) Quantification of Mei-P26 protein levels from the indicated cyst stages in wild
Scale bars represent 50 mm. Error bars represent SEM. See also Figures S5 and
Cellmei-P26 30 UTR in reporter constructs in vivo mapped the
sequence sufficient for translational repression to 247 nucleo-
tides (94–341) of the mei-P26 30 UTR (Figures 5C and 5D,
reporters 3, 5, and 6). Further deletion from the 30 end of the 30
UTR appeared to abolish translational repression in vivo, as
reporter constructs carrying nucleotides 94 to 292 or 94 to 245
showed detectable eYFP expression in 60% of Bam-positive
cysts (Figures 5C and 5D, reporters 10 and 11). Nucleotide
substitutions in a predicted Pumilio binding site (482–489 nt)
failed to disrupt repression in TA cells (Figures 5C and 5D,
reporter 4).
Known homologs of mei-P26, such as C.elegans lin-41 and
Drosophila dappled, are translationally repressed via their 30
UTR by the miRNA let-7 (O’Farrell et al., 2008; Reinhart et al.,
2000; Slack et al., 2000). Given this and recent reports of atypical
miRNA target sites found through biochemical methods (Chi
et al., 2012; Grimson et al., 2007), we searched by eye for
possible let-7 seed sequences and found two sites within the
region of the mei-P26 30 UTR sufficient for translational repres-
sion (185–190 nt and 285–292 nt). RNAhybrid verified that the
putative target sites were the areas most likely to exhibit let-7
binding in the entire mei-P26 30 UTR (Figures 5E, S5C, and
S5D) (Rehmsmeier et al., 2004). The 50 end of one of the pre-
dicted let-7 target sites contributed to a PhastCons conserved
element (Figure S5B, asterisk 2). Strikingly, introducing nucleo-
tide substitutions (from CTCC to AGAA) in either seed sequence
into the reporter carrying the mei-P26 30 UTR disrupted repres-
sion, restoring eYFP expression to 79% of the Bam-positive
cysts (Figures 5C and 5D, reporters 7–9).
Consistent with the possibility that let-7 might contribute to
translational repression of endogenous Mei-P26 in early male
germ cells in vivo, varying the level of let-7 expression led to
changes in Mei-P26 protein expression. In let-7-C homozygous
mutant testes, the level of Mei-P26 protein detected by immuno-
fluorescence was higher in GSCs and in 2-, 4-, 8-, and 16-cell
cysts compared to wild-type testes (Figures 5F–5H). Forced
expression of let-7-C in early germ cells using nanosGal4 to
drive UAS-let-7-C led to decreased levels of Mei-P26 protein
expression at all cell stages compared to wild-type testes
(Figures S5E–S5G).
Translational Repression of Mei-P26 via Its 30 UTR
Depends on Bam and Bgcn
The action of Bam and Bgcn was required for repression of
the mei-P26 30 UTR reporter in TA cells in vivo. We compared
the onset of expression of the control reporter with that of the
mei-P26 30 UTR reporter in wild-type, bam mutant, and bgcn
mutant testes by determining the number of cells per cyst at
the leading edge of reporter expression. Consistent with the
results from previous experiments, in wild-type testes express-
ing the control reporter, 39% of leading cysts had 4 or 8 cells
(Figures S6A and S6E), compared to only 11% for the mei-P26) site 2 (gray box represents nucleotide residues mutated within themei-P26 30
the same slide for Bam and Mei-P26 in (F and F0) wild-type and (G and G0)
-type (boxes) and let-7-CGK1/let-7CK01;let-7-CDlet-7-C mutant (asterisks) testes.
S6.
Stem Cell 11, 689–700, November 2, 2012 ª2012 Elsevier Inc. 695
Cell Stem Cell
Translational Control of Switch to Differentiation30 UTR reporter (Figures S6B and S6E) (p = 0.0000030), indi-
cating that themei-P26 30 UTR sequence was sufficient to delay
reporter expression in wild-type TA cells. In bam mutant testes,
however, the stage of onset of eYFP expression of the control
reporter (91% 4- or 8-cell cysts) and themei-P26 30 UTR reporter
(77% 4- or 8-cell cysts) were similar (p = 0.011) (Figures S6C–
S6E), indicating that the repression of protein expression
mediated by the mei-P26 30 UTR required Bam. Likewise, in
bgcn mutant testes, the onset of eYFP expression occurred
predominantly in 4- or 8-cell cysts for both the control (95%)
and the mei-P26 30 UTR (100%) reporters (p = 0.54) (Figures
S6H–S6J), indicating that mei-P26 30 UTR-mediated repression
also required Bgcn.
Bam Protein Specifically Binds themei-P26 30 UTR
Bam and Bgcn physically interact in the testis, as also seen for
Bam and Bgcn expressed in ovaries, cultured cells and yeast
(Li et al., 2009; Shen et al., 2009). A bam-HA genomic transgene
that can rescue bam function in vivo had a restricted expression
pattern in TA cells, consistent with endogenous Bam protein
expression (Figure 6A). A bgcn-GFP genomic transgene, able
to rescue the bgcn mutant, was expressed widely in the cyto-
plasm of early germ cells, including TA cells, as well as in sper-
matocytes (Figure 6A0). Bam-HA coimmunoprecipitated with
Bgcn-GFP from testis extracts of flies carrying both transgenes
(Figure 6B, arrow).
RNA pull-down assays indicated that Bam and Bgcn bind the
mei-P26 30 UTR, with Bam providing most of the sequence
specificity. A 455 nt fragment of the mei-P26 30 UTR that was
sufficient for translational repression in vivo (Figure 5) was
synthesized in vitro using biotin-16-UTP, then incubated in
lysate from Drosophila S2 cells transiently transfected with
both Bam-HA and Bgcn-Myc. When the biotinylated-mei-P26
30 UTR was isolated with streptavidin-coated magnetic beads
(Figure 6C), both Bam and Bgcn were pulled down with the
RNA (Figure 6D, lane 3). Neither Bgcn-Myc nor Bam-HA were
pulled down with a beads-only, no-probe control (Figure 6D,
lane 2). Competition assays were used for testing the binding
specificity of Bam and Bgcn to the mei-P26 30 UTR. Varying
molar ratios of unlabeled mei-P26 30 UTR to an unlabeled 30
UTR from don juan, an unrelated gene not expressed in TA cells,
were added for competition with the biotinylated mei-P26 30
UTR prior to incubation with cell extract. The total molar amount
of the competitor was kept constant at 1003 the molar amount
of the biotinylated probe. Increasing the ratio of unlabeled
mei-P26 30 UTR to don juan 30 UTR competitor decreased
binding of Bam-HA to the biotinylated mei-P26 30 UTR (Figures
6D, lanes 4–7 in the top blot, and 6E; p = 0.004), indicating that
Bam binds specifically to the mei-P26 30 UTR. However,
increasing the concentration of mei-P26 30 UTR competitor in
the competition mix did not significantly decrease binding of
Bgcn-Myc (Figures 6D, lanes 4–7 in the lower blot, and 6F;
p = 0.25), suggesting that binding of Bgcn protein to the mei-
P26 30 UTR was less specific.
Consistent with specific binding of Bam to the mei-P26 30
UTR, Bam protein was able to bind with sequence specificity
to themei-P26 30 UTR in extracts from Drosophila S2 cells trans-
fected with Bam, but not Bgcn (Figure 6G). Bam binding to the
biotinylatedmei-P26 30 UTR decreased as the ratio of unlabeled696 Cell Stem Cell 11, 689–700, November 2, 2012 ª2012 Elsevier Inmei-P26 30 UTR to don juan 30 UTR competitor increased
(Figures 6G, lanes 4–7, and 6H; p = 0.005). Furthermore,
increasing the molar ratio of unlabeled mei-P26 30 UTR (455 nt)
to a similarly sized (497 nt) unlabeled fragment of the eYFP
coding sequence also significantly decreased binding of Bam
to the biotinylated mei-P26 30 UTR (Figures S7D, lanes 4–7,
and S7E; p < 0.0001), indicating specific binding of Bam to the
mei-P26 30 UTR.
Bgcn protein also bound the biotinylated mei-P26 30 UTR in
the absence of transfected Bam (Figure S7A, lane 3); however,
increasing the ratio of unlabeled mei-P26 30 UTR to don juan
30 UTR competitor only slightly decreased binding of Bgcn-
Myc (Figures S7A, lanes 4–7, and S7B; p = 0.04). Bgcn
binding to the mei-P26 30 UTR decreased significantly when
a 100-fold excess of don juan 30 UTR competitor was added
(no mei-P26 30 UTR competitor) and remained constant as the
ratio ofmei-P26 30 UTR to don juan 30 UTR competitor increased
(Figure S7C), indicating that Bgcn may bind promiscuously
to RNA.
Mutating the two potential let-7 target sites within themei-P26
30 UTR, which disrupted repression of the eYFP in vivo reporter
(Figures 5C and 5D, reporters 7–9), also disrupted binding of
Bam protein to the mei-P26 30 UTR. Increasing the ratio of
wild-type to mutated mei-P26 30 UTR competitor decreased
binding of Bam to the mei-P26 30 UTR (Figure 6I, lanes 4–8).
The difference in binding ability between the mutated mei-P26
30 UTR versus the wild-type mei-P26 30 UTR was not as distinct
as the difference betweenwild-typemei-P26 versus the don juan
(Figure 6H) or eYFP (Figure S7E) control competitors. When 100-
fold excess competitor was added, no significant differences
were seen as the ratio of wild-type to mutated mei-P26 30 UTR
increased (Figure 6J), indicating that even the mutated 30 UTR
competes for binding if at 100-fold excess. However, with
50-fold excess total competitor, Bam binding to the mei-P26
30 UTR decreased as the ratio of wild-type to mutated mei-P26
30 UTR increased (Figure 6J, p = 0.04).
These results raise the possibility that binding of Bam protein
to sequences in the 30 UTR may direct the Bam and Bgcn
complex to specific mRNA targets. Furthermore, the fact that
Bgcn protein is expressed throughout the testis and appears
to bind RNA promiscuously suggests that it may have multiple
mRNA targets. Conversely, Bam expression is restricted to TA
cells, and therefore Bam may allow translational repression of
a subset of mRNAs, including mei-P26, during TA divisions for
prevention of premature differentiation.
DISCUSSION
We propose that Mei-P26 and Bam act in a regulatory cascade
based on translational control to affect the switch from TA cell
proliferation to spermatocyte differentiation in the Drosophila
male GSC lineage (Figure 7). First, wild-type function of Mei-
P26 in TA cells facilitates accumulation of Bam protein. Consis-
tent with this model, amei-P26 hypomorphic allele enhanced the
overproliferation of germ cell cysts in a bam/+ heterozygote
(Page et al., 2000). Furthermore, our finding that adding one
extra copy of bam is sufficient to rescue the early germ cell over-
proliferation phenotype of mei-P26 mutant males indicates that
allowing normal accumulation of Bam is the major role ofc.
Figure 6. Bam Protein Specifically Binds
the mei-P26 30 UTR
(A–A00) Immunofluoresence images of whole-
mount testes expressing Bam-HA (red) and Bgcn-
GFP (green): a-HA (A), a-GFP (A0), and merge (A00).
Scale bar represents 50 mm.
(B) Immunoprecipitation with a-GFP from extract
of Bam-HA;Bgcn-GFP testes. Western blot pro-
bed with a-HA and a-GFP (arrow indicates Bam-
HA coimmunoprecipitated with Bgcn-GFP).
(C) Diagram of RNA pull-down assay with bio-
tinylated mei-P26 30 UTR probe.
(D) RNA pull-down competition experiment.
Lysates from Drosophila S2 cells transfected with
both Bam-HA andBgcn-Mycwere incubatedwith:
no probe (lane 2), biotinylatedmei-P26 30 UTRwith
no competitor (No Comp., lane 3), or biotinylated
mei-P26 30 UTR plus varying ratios of unlabeled
mei-P26 30 UTR (1-, 10-, 90-, and 100- fold excess)
to unlabeled don juan 30 UTR (unrelated compet-
itor) (lanes 4–7). The total amount of competitor
RNA (400 pmol) remained constant. Blots probed
with a-HA (top) or a-Myc (bottom).
(E and F) Quantification of bands for (E) Bam-HA
and (F) Bgcn-Myc blots.
(G) RNA pull-down competition experiment.
Lysates from Drosophila S2 cells transfected with
Bam-HA alone were incubated with: no probe
(lane 2), biotinylated mei-P26 30 UTR with no
competitor (lane 3), or biotinylatedmei-P26 30 UTR
plus varying ratios of unlabeled mei-P26 30 UTR
(0-, 1-, 10-, and 100- fold excess) to unlabeled don
juan 30 UTR (lanes 4–7). Blot probed with a-HA.
(H) Quantification of bands normalized to unla-
beled don juan (DJ) 30 UTR competitor alone (DJ
only, lane 4).
(I) RNApull-downcompetitionexperiment. Lysates
from Drosophila S2 cells transfected with Bam-HA
alone were incubated with: no probe (lane 2), bio-
tinylated mei-P26 30 UTR with no competitor (lane
3), or biotinylated mei-P26 30 UTR plus varying
ratios of unlabeled mei-P26 30 UTR (0-, 0.5-, 5-,
50-, and 100- fold excess) to unlabeled mutated
mei-P2630 UTR (lanes 4–8). Blot probedwitha-HA.
(J) Quantification of bands, for either 50X total
competitor (solid line) or 100X total competitor
(dotted line), normalized to no competitor (lane 3)
(brackets represent statistically analyzed points).
n = 3 independent experiments for all pull-
down assays. Error bars represent SEM. See also
Figure S7.
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Second, as Bam protein levels rise, Bam and Bgcn repress
translation of mei-P26 via its 30 UTR in late TA cell cysts. As
a result, GSCs, gonialblasts, and two-cell cysts begin with
Mei-P26 expressed andBam off and transition to 4-cell and early
8-cell cysts wherein both Mei-P26 and Bam protein are ex-
pressed. In late 8-cell and early 16-cell cysts, Bam protein levels
are high, causing Mei-P26 protein to drop to very low levels.
Finally, in early spermatocytes, Mei-P26 levels rise again afterCell Stem Cell 11, 689–700,Bam protein disappears to facilitate
normal differentiation of spermatocytes
and spermatids.Recent data suggest that Mei-P26 and related TRIM family
proteins may function in the miRNA pathway. Mei-P26, two of
its Drosophila homologs, and several mouse homologs have
been shown to interact structurally with RISC effector proteins
such as Ago-1 (Neumu¨ller et al., 2008; Rybak et al., 2009;
Schwamborn et al., 2009). Mei-P26 protein localized to cyto-
plasmic puncta in early male and female germ cells, similar to
the punctate distribution of mouse TRIM71 (Lin et al., 2007).
Many of the Mei-P26 puncta colocalized with the RISCNovember 2, 2012 ª2012 Elsevier Inc. 697
Figure 7. Model
In early TA cells, Mei-P26 facilitates accumulation of Bam protein. As Bam
protein accumulates, it acts with Bgcn to repress translation of Mei-P26, so
that Mei-P26 levels fall to below the level of detection by immunofluorescence
in late 8-cell and early 16-cell cysts. Mei-P26 (red) and Bam (green) protein
levels are shown.
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Translational Control of Switch to Differentiationcomponent GW182 (Figure 4) (Li et al., 2012), which accumulates
in processing bodies that consist of enzymes involved in mRNA
translational repression and degradation (Schneider et al., 2006).
The action of Mei-P26 in early male germ cells may facilitate
accumulation of Bam protein by repressing an intermediate
negative regulator of Bam. For example, Mei-P26 may function
in TA cells to facilitate the accumulation of Bam protein through
decreasing the function of the RNA-binding protein HOW.
Previous studies suggest that HOW represses Bam expression
in early male germ cells (Monk et al., 2010). In wild-type testes,
HOW protein was expressed in early cells, including GSCs,
gonialblasts, and two-cell cysts (Figures S2C–S2C00). However,
in mei-P26 mutant testes, HOW protein perdured throughout
the overproliferating cysts (Figures S2D–S2D00). Alternatively,
given that Mei-P26 also contains a RING domain, it could facili-
tate degradation of an intermediate that normally degrades Bam.
Bam has a C-terminal PEST sequence (McKearin and Spradling,
1990), amotif that targets proteins for ubiquitination and turnover
by the proteasome, and expression of Bam lacking the PEST
sequence resulted in early accumulation of high levels of Bam
protein and a premature switch to the spermatocyte state (Insco
et al., 2009).
As Bam protein peaks in late TA cells, it acts with its binding
partner Bgcn to repress translation of mei-P26 mRNA via
sequences in themei-P26 30 UTR. Bamprotein specifically binds
the mei-P26 30 UTR, suggesting that Bam and Bgcn act directly
as translational repressors. Translational regulation via 30 UTR
sequences frequently blocks formation of the translation initia-
tion complex by inhibiting interactions between the cap binding
protein eIF4E and the 50 cap or the rest of the eIF4F complex
(Sonenberg and Hinnebusch, 2009). Bam protein physically
interacts with eIF4A independent of RNA (Shen et al., 2009),
and eIF4A/+ partially suppressed the phenotype of bammutants
in both the male and female germline systems (Insco et al., 2009;698 Cell Stem Cell 11, 689–700, November 2, 2012 ª2012 Elsevier InShen et al., 2009), raising the possibility that Bam, recruited to
a target 30 UTR as part of a translational repressor complex,
may block translation initiation by antagonizing eIF4A (Shen
et al., 2009). Mutating two potential let-7 binding sites within
the mei-P26 30 UTR led to derepression of the in vivo reporter
and disrupted binding of Bam to the mei-P26 30 UTR. These
data raise the possibility that let-7 may work with Bam and
Bgcn to translationally repress Mei-P26 in TA cells. In addition,
introducing the let-7-CGK1 loss-of-function allele into a
bamD86/+ mutant background enhanced the bam heterozygous
mutant phenotype (Figures S5H–S5J), suggesting that let-7 and
Bam may share additional targets within the testes.
Mei-P26 appears to play two distinct roles in the female germ-
line as well: an early function in GSC maintenance and a later
function required for cystocytes to switch to nurse cell and
oocyte differentiation (Li et al., 2012; Neumu¨ller et al., 2008).
However, there are also important differences between the
male and female germline. Although Mei-P26 protein levels
decreased when Bam was expressed in female germ cells, low
levels of Mei-P26 were still detected. Bam and Bgcn may inhibit
mei-P26 translation in female germ cells, although probably not
to the same degree as in males. Notably, the mei-P26 30 UTR
cloned from testes lacked the Vasa binding sites shown to be
important for Mei-P26 expression in female germ cells (Liu
et al., 2009). In addition, Bam is active at an earlier stage in the
ovary, wherein the function of Bam is necessary for female
GSCs to initiate the TA divisions (McKearin and Ohlstein, 1995;
McKearin and Spradling, 1990; Ohlstein and McKearin, 1997)
rather than exit the TA divisions, as in males. Finally, Bam and
Bgcn may have different mRNA targets in the female germline.
In the female, Bam action directly or indirectly represses transla-
tion of the translational repressor Nanos (Li et al., 2009), allowing
the expression of proteins that initiate germ cell differentiation
from the stem cell state. However, Nanos does not appear to
play the same role in male as in female GSCs (M.L.I. and
M.T.F., unpublished data). Thus, the core machinery of Bam,
Bgcn, and Mei-P26 probably acts through similar molecular
mechanisms in female and male germ cell differentiation, but
at a different point in the differentiation pathway, with different
regulators and, most likely, on different targets.
Strikingly, as we show here for the Drosophila male germline,
the switch from mitosis to meiosis is also controlled by a regula-
tory network based on translational control in the C. elegans
germline (Kimble and Crittenden, 2007). BLAST and ClustalW
alignments revealed that Bgcn, a core component of the
switch mechanism in the Drosophila germline, is a homolog of
C. elegans proteins Mog1, Mog4, and Mog5 (Puoti and Kimble,
1999, 2000), which are required for stopping mitosis and
repressing target-mRNA translation via the 30 UTR (Gallegos
et al., 1998).
The requirement for TRIM-NHL proteins to facilitate the switch
from proliferation to differentiation may be a widely conserved
feature in many adult stem cell lineages. In Drosophila, loss of
the Mei-P26 homolog dappled (Rodriguez et al., 1996) causes
large melanotic tumors, suggesting the continued proliferation
of blood cells (O’Farrell et al., 2008). Likewise, loss of the
Drosophila Mei-P26 homolog brat in TA cells in certain neural
lineages leads to brain tumors that are highly proliferative, inva-
sive, transplantable, and lethal to the animal (Arama et al., 2000;c.
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Woodhouse et al., 1998). In mammals, the mouse Mei-P26
homolog TRIM32 is necessary and sufficient for differentia-
tion in neural lineages, and progenitor cells lacking TRIM32
retain proliferative status (Schwamborn et al., 2009). Thus, eluci-
dating the mechanisms by which Mei-P26 homologs and their
interacting structural and regulatory partners control the switch
from proliferation to differentiation in adult stem cell lineages
may uncover a new class of tumor suppressors that act at the
level of the developmental program rather than cell-cycle
progression.
EXPERIMENTAL PROCEDURES
Fly Strains and Husbandry
Drosophilawere raised on standard molasses medium at 25C. Wild-type flies
were yw or w1118 for immunostaining and phase-contrast images and Oregon
R for RNA and cyst counting. hs-bam, bamD86, and bgcn1 flies were acquired
from the Bloomington Stock Center. Additional fly strains usedwere: bam1 and
alpha-bam (McKearin and Spradling, 1990), bamGal4 (Chen and McKearin,
2003), bgcnz2-0702 (Wakimoto et al., 2004), Bam-HA (Li et al., 2009), Bgcn-
GFP (Li et al., 2009), UAS-mei-P26 (Neumu¨ller et al., 2008), BamDPEST
(Insco et al., 2009), mei-P26mfs1 (Page et al., 2000), let-7-CGK1/let-7CK01;
let-7-CDlet-7-C (Sokol et al., 2008), and UAS-let-7-C (gift from N. Perrimon).
The mei-P26mfs1 mutant was used in all figures and was kept as the following
stock: mei-P26 mfs1/FM7;spapol/spapol 3 FM7/Y;spapol/spapol. mei-P26mfs1/Y;
Dp(1;4)A17/spapol and mei-P261;P[w+mC;N1] (Page et al., 2000) flies were
used in mei-P26mfs1 rescue experiments. Both a chromosomal duplication
containing the mei-P26 region translocated to the fourth chromosome
(Dp(1;4)A17) and a 13 kb genomic rescue construct containing the mei-P26
locus (P[w+mC; N1]) rescued the overproliferating spermatogonial cysts and
the spermatocyte differentiation defects seen in mei-P26mfs1 mutant testes.
Immunofluorescence
Whole-mount and squashed testes were prepared for immunofluorescence
staining as previously described (Insco et al., 2009). Primary and secondary
antibodies were diluted in 3% BSA, 1X PBST as follows: a-Bam at 1:2-1:5
(28 mg/ml) (Developmental Studies Hybridoma Bank [DHSB]) (McKearin and
Ohlstein, 1995); a-Fibrillarin at 1:200 (500 mg/ml) (Cytoskeleton AFB01);
a-Mei-P26 at 1:300 (gift from J. Knoblich) (Neumu¨ller et al., 2008); a-Sa at
1:100 (Chen et al., 2005); a-Phospho Histone 3 (Thr3) at 1:100 (10 mg/ml)
(Upstate); a-dMyc (mouse) at 1:300 (gift from B. Edgar) (Neufeld et al.,
1998); a-GFP at 1:3,000 (2 mg/ml) (Invitrogen); a-HA at 1:200 (1 mg/ml)
(clone 16B12 Covance); a-Armadillo at 1:10 (DHSB) (Riggleman et al., 1990);
a-Vasa at 1:1,000 (gift from R. Lehmann); and a-GW182 at 1:500 (gift
from E. Izaurralde). Fluorescence-conjugated secondary antibodies from the
Alexa series were used at 1:200 (10 mg/ml) (Molecular Probes). Fluorescent
images were taken with a Leica SP2 AOBS confocal system and processed
using Adobe Photoshop. Images are single confocal slices, except those in
Figures 4H–4J, for which we took the averages of six to ten confocal slices
in order to capture the full thickness of the sample. Quantification of pixel
fluorescence and EdU pulse labeling were done as previously described
(Insco et al., 2009).
Biotin-RNA Pull-Down Experiments
DNA templates for RNA synthesis were prepared by linearizing plasmids con-
taining either a 455 nt fragment of themei-P26 30 UTR, a 267 nt fragment of the
don juan 30 UTR, or a 497 nt fragment of the eYFP coding sequence. In vitro
transcribed RNA was prepared with either a Biotin RNA Labeling Mix (Roche)
for biotin-labeled RNA or an NTP set (GE Healthcare) for unlabeled competitor
RNA. RNA probes were treatedwith RNase-free DNase I (QIAGEN), purified on
NucAway Spin Columns (Ambion), and then analyzed via gel electrophoresis
and quantified via UV spectrometry. Cell extracts were prepared in lysis buffer
(100 mM NaCl, 50 mM Tris, 4 mM EDTA, 8 mM MgCl2, 10% NP40, 1X fresh
Complete Protease Inhibitor (Roche), and SUPERase-IN (Ambion) (1 ml/ml)]
from transfected Drosophila S2 cells. Transfer RNA (0.5 mg/ml) was added toCell100 mg extract, which was then precleared with pre-equilibrated Streptavidin
Paramagnetic Beads (Promega) for 30 min at room temperature (RT).
Biotinylated mei-P26 30 UTR (2–4 pmol) was added to each extract. For pull-
down experiments involving unlabeled competitor RNA, varying ratios of
unlabeled mei-P26 30 UTR to don juan 30 UTR, totaling 200–400 pmol, were
also added to each extract. Reactions were incubated for 30 min at RT. Pre-
equilibrated streptavidin beads were then added to each reaction, and the
mixture was incubated for 30 min at RT. Beads were captured with a magnet,
washed five times for 10min with lysis buffer, boiled in SDS sample buffer, and
analyzed by immunoblot.
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